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MACROSCOPIC OBSERVATIONS OF THE EFFECTS OF CORROSIVE 
SUBSTANCES ON BONE AND SOFT TISSUE WHEN SUBJECTED TO 
HEATING 
LINDSEY M. CADWELL 
ABSTRACT 
As forensic techniques employed in homicide investigation are refined, so are the 
methods by which perpetrators of these crimes attempt to eliminate evidence that could 
lead to their prosecution.  Acid submersion is an increasingly popular method of body 
disposal due to its highly destructive effects upon organic tissues and their suitability for 
macroscopic analyses that could enable positive identification.  Sixteen fleshed pig (Sus 
scrofa) forelimbs were submerged in hydrochloric acid, sulfuric acid, and sodium 
hydroxide (n = 2 per trial) under control conditions and heated to 40˚C or 100˚C, to 
determine whether dissolution of all tissues was possible quickly enough to ensure a 
practical method of disposal, and whether heating would accelerate this process.  
Hydrochloric acid (31-35%) under control conditions failed to dissolve all soft tissues, 
but destroyed all bones within 68 hours; at 40˚C the soft tissues still were not entirely 
dissolved, but all bones were destroyed within 24 hours.  Sulfuric acid (93%) under 
control conditions destroyed all soft tissue within 52 hours and all bones within 28 days.  
Sulfuric acid at 40˚C destroyed all soft tissue in 2.75 hours and all bones within nine 
days; at 100˚C all soft tissues were destroyed within 0.75 hour and all bones within nine 
hours.  Sodium hydroxide (20-30%) failed to dissolve the soft and hard tissues in all 
trials, but the rapidity of alterations observed was positively correlated to temperature.  
  v 
The present research indicates that these chemicals can destroy large, fleshed body parts 
and that this destruction can be accelerated through heating.  
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 1 
INTRODUCTION 
 
As DNA analysis has become ubiquitous in the identification of remains and 
subsequent prosecution of homicide cases, criminal attempts to eliminate all biological 
trace evidence through acid dissolution have become increasingly common.  Whether it is 
dismemberment intended to ease concealment or disposal of a body (Di Nunno et al. 
2006; Konopka et al. 2006), the defensive mutilation of body parts likely to carry traces 
of perpetrator DNA (Karger et al. 2000; Rajs et al. 1998), or cooking an individual by 
caustic bath in order to render him or her unrecognizable as human (Grillo and Cascino 
2011; Hinkes and Lucas 2014), there are numerous methods that criminals have been 
known to utilize in their attempts to destroy forensic evidence.  Unfortunately, such 
extreme measures are not limited to professional criminal syndicates, as there has been a 
great deal of popular media coverage about individuals who had attempted acid 
dissolution as a manner of body disposal after pulling inspiration from serial killers or 
glamorized depictions within popular culture (BBC News Staff 2015; Briffett 1998; 
Cornell et al. 2011; Guilfoyle 2014; Hill 2014; Le Monde Staff 2015; Masters 1993; 
Wigmore 1898).  While there have been apocryphal accounts from individuals 
interviewed in the course of homicide investigations, who claimed to have dissolved or 
observed the dissolution of a victim’s body with the use of strong caustics (Grillo and 
Cascino 2011; Guilfoyle 2014; Vermeij et al. 2015), verification of these claims requires 
evidence of partially dissolved but identifiable remains.  If it is possible for the human 
body to be quickly and efficiently destroyed beyond all possibility of identification on the 
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macroscopic level, then recognition of this fact will better assist the forensic investigator 
in determining when to pursue DNA analysis or further trace evidence on the 
microscopic level. 
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PREVIOUS RESEARCH 
 
Previous studies that have explored the application of caustic chemicals for the 
purpose of obscuring identity have primarily focused on human teeth, as teeth are widely 
recognized to be the most enduring skeletal element useful to forensic identification 
(Cope and Dupras 2009; Jadhav et al. 2009; Mazza et al. 2005).  Studies of caustics 
reacting with bone, hair, fingernails, or soft tissue have been valuable in providing a 
wider scope to this field of research but thus far have not included specimen sizes that are 
necessarily large enough to approximate what an investigator may expect to come across 
in a forensic context (Amadasi et al. 2017; Baglieri 2016; Hartnett et al. 2011; Robino et 
al. 2015).  Christensen and Myers (2011) found that with small bone samples placed in 
acid, only extreme pH levels were significantly destructive to fresh bovine bone, and 
more moderate pH levels allowed for preservation of bone in good or even excellent 
condition throughout an exposure period of up to one year.  Amadasi et al. (2015) noted a 
similar effect in their experiment on the observability of cut marks on pig (Sus scrofa) 
bones submerged in solutions of various pH levels.  Further experiments in the same vein 
(Amadasi et al. 2017) found that only strongly acidic solutions were capable of 
significant alteration to the chemical structure of bones that were submerged in solutions 
of various pH levels for a prolonged period of time.  High et al. (2015) experimented 
with modern and archaeological mammal bone and found that the demineralization of 
bone in the presence of sulfuric acid results in the formation of the weaker phosphoric 
acid, thereby raising overall pH and creating a buffering effect against further destruction.  
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Additionally, High et al. (2015) discovered that when heating their samples in sulfuric 
acid solution to 80˚C in order to accelerate the process of bone damage, this change in 
temperature precipitated damage even more rapidly than anticipated.  In a study designed 
to observe the effects of a number of variables upon synthetic carbonated hydroxyapatite 
(CHA) immersed in hydrochloric acid, Hankermeyer et al. (2002) found agitation, a 
decrease in solution pH, and an increase in solution flow rate, solution temperature, and 
CHA surface area to be positively correlated with the rate of CHA dissolution. 
 In their studies of the effects of intentional, prolonged exposure of biological 
tissue to various caustic substances, Cope and Dupras (2006; 2009) found hydrochloric 
acid to be the most destructive, followed by sulfuric acid, then phosphoric acid, with 
sodium hydroxide the least destructive.  Hartnett et al. (2011), in conducting similar 
research into the effects of common household corrosives, found that hydrochloric acid 
was most rapidly destructive to hard tissue structures, while sulfuric acid took several 
days to dissolve both bone and teeth completely.  While acidic pH levels have generally 
been found more destructive to bone than alkaline pH levels (Amadasi et al. 2017; 
Hartnett et al. 2011), there is precedent in both forensic case work (Hinkes and Lucas 
2014) and industrial accident reports (Lee and Opeskin 1995) that an alkali solution can 
in fact be highly destructive to bone when the application of heat is involved.   
Most notable for the use of large, fleshed specimens, research by Maki (2017) 
also found hydrochloric acid to be the most destructive to pig heads, in a comparison 
between hydrochloric acid of 5-10% and 31.45% concentrations and sulfuric acid of 37% 
concentration.  In her study, pig heads were submerged in three gallons (11.35 L) of 
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chemical solution and left undisturbed except for periodic data collection.  After one 
week of treatment with hydrochloric acid (5-10% concentration), the experimental 
samples had experienced a sloughing of the epidermis and softening of exposed hard 
tissues (including the teeth), but these tissues remained otherwise intact.  Four weeks of 
treatment with HCl (5-10%) were required before there was a notable softening of the 
soft tissues, and the underlying bones had achieved the same malleability earlier observed 
solely in the exposed hard tissues.  By eight weeks all soft tissue was still present and 
adherent to the bones; while the hard tissues had been made flexible due to 
demineralization, they remained morphologically identifiable.  Alterations to the pig 
heads treated with hydrochloric acid (31.45% concentration) proceeded much more 
rapidly, with discoloration and sloughing of the epidermis observed almost immediately.  
Within two days, little soft tissue remained intact, at least half of all the dentition had 
been dissolved away, and corrosion of the bone was observed in ≥50% of the surface area 
of the experimental samples.  Within five days the bones and teeth had been liquefied.  
The pig heads treated with sulfuric acid (37% concentration) were observed after one 
week to have lost their outermost soft tissues, exposing fascia and muscle, and the enamel 
of the teeth had been partially dissolved.  Within two weeks the samples had lost much of 
their adherent soft tissue, at least half of the dentition had dissolved away, and corrosion 
was observed in ≥50% of the surface are of the exposed bone, a result comparable with 
the effects of HCL (31.45%) after only two days.  Within three weeks the pig heads 
submerged in H2SO4 (37%) had lost all adhered soft tissue, and only the densest portions 
of bone remained intact, having become granulated and chalky in texture; all soft tissues 
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and the majority of the hard tissues (including the teeth) had achieved liquefaction.  By 
five weeks liquefaction was recorded as complete for all soft and hard tissues treated with 
sulfuric acid.  Overall, Maki (2017) found the overlying soft tissues to be the first 
affected by treatment with caustic chemicals, and that alteration of the underlying bones 
began immediately upon exposure after the protective soft tissues were lost.   
 With the exception of Maki (2017), most of the previous research in this area has 
largely examined biological tissues in isolation and small specimen sizes, which 
somewhat limits the ability of the forensic investigator to extrapolate experimental 
research to actual forensic cases.  One previous case study by Vermeij et al. (2015) did 
acknowledge probable practical complications in dissolving an intact body, specifically 
the fact that water-insoluble fat and fascia can protect the hard tissues, and that 
destruction of bone apatite by acid is a diffusion-dependent process.  Both of these 
factors may help to explain why less concentrated acids might prove more destructive 
than their highly concentrated counterparts under the same conditions, but more research 
is needed to quantify the significance of these factors.   
 The present research examined: [1] fully fleshed specimens of sizes which better 
approximate those realistically encountered in criminal contexts, at least after 
dismemberment has occurred, [2] the application of heat, which scattered accounts 
(Hankermeyer 2002; High et al. 2015; Hinkes and Lucas 2014; Von Endt and Ortner 
1984) suggest can have a significant effect on the rate at which damage to the hard tissue 
proceeds, and [3] the effects upon hard tissue alteration of a protective soft tissue barrier, 
as it has been noted that the demineralization of bone apatite by both hydrologic action 
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and acid dissolution are diffusion-dependent processes (Hedges 2002; Pike et al. 2001; 
Vermeij et al. 2015).  The present study tests the hypothesis that the application of heat 
will significantly accelerate the rate of destruction of hard and soft tissues in caustic 
solution, as compared to specimens treated at room temperature. 
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MATERIALS AND METHODS 
 
 Specimens consisted of the partial forelimbs of commercially available pigs 
severed midshaft at the ulna and radius and frozen prior to their use in this research.  The 
presence of intact soft tissues (skin, fat, fascia, connective tissue, and cartilage) was of 
particular importance, intended to replicate conditions under which dismembered 
homicide victims might be subjected to submersion in acid or sodium hydroxide 
solutions.  The caustic substances utilized in the present research were chosen because 
they represent commercially available, easily obtainable and relatively inexpensive 
chemicals likely to be purchased by individuals seeking a quick method of destroying a 
human body.  Experimental chemicals included hydrochloric acid at 31-35% 
concentration (Jasco® Muriatic Acid) (W.M. Barr EHS Department 2014), sulfuric acid 
at 93% concentration (Theochem Clean Shot® Drain Opener) (ChemTel Inc. 2016), and 
sodium hydroxide at 20-30% concentration (Scotch Instant Power® Main Line Cleaner) 
(Scotch Corporation 2013). 
The present study consisted of two experimental specimen sets and one control 
set.  In experimental set #1, two pig forelimbs (a combined mass of approximately 1.5 
kg) were submerged in six liters for each of the three solutions and heated to a 
temperature of 40˚C.  In experimental set #2, two forelimbs each were submerged in six 
liters of sulfuric acid and sodium hydroxide solutions, and heated to a temperature of 
100˚C.  In an effort to minimize the risk in heating caustic solutions, experimental 
temperatures were selected to ensure that all solutions did not exceed their boiling point.  
Sulfuric acid (Luttrell 2003a) and sodium hydroxide solution (Luttrell 2003b) both 
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possess high boiling points, but hydrochloric acid does not, having a boiling point of 
approximately 50˚C for 31-35% hydrochloric solution (Luttrel1 2001).  Under these 
circumstances, the degree of heat which could be applied safely was limited by the 
inclusion of hydrochloric acid as a variable; therefore, hydrochloric acid was excluded 
from any experimental sets heated to temperatures above approximately 40˚C.  A control 
set of forelimbs was submerged in each solution at room temperature, undisturbed aside 
from periodic data collection.  Solutions were not refreshed at any point over the course 
of the experimental period. 
 All specimens were submerged within commercially available porcelain-
enameled stock pots (Granite Ware stainless steel stock pot coated with porcelain enamel, 
12-qt [11.4 liters]) or glass container (Oyama heat-tempered glass, 12-qt [11.4 liters]), 
which were covered to minimize escaping vapors.  The experimental solutions were 
heated, and temperature was verified at each data collection interval.  Ambient 
temperature, solution temperature, and observations of gross appearance and overall 
condition of each specimen were recorded at intervals dependent upon the rapidity of 
visible tissue alteration (slower dissolution meant observation intervals could be 
extended).  Based upon the most commonly reported observations in the existing 
literature on acid dissolution, an ordinal scoring system was created for the sequence of 
macroscopically observable changes in both the soft and hard tissues of the fully fleshed 
forelimbs (Table 1).   
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Table 1.  Ordinal scoring system for the visible progression and severity of the 
destruction to tissues by caustic solution. 
 
Alteration to soft tissue 
 
 ST 0 - none/unknown 
   ST 1 - discoloration 
   ST 2 - (epi)dermis breached 
  ST 3 - fat/connective tissue/musculature breached 
ST 4 - bone exposed 
   ST 5 - complete loss of adhered soft tissues from the underlying hard tissues 
ST 6 - complete dissolution of visible soft tissues 
 
Alteration to bone 
 
  HT 0 - none/unknown 
   HT 1 - discoloration 
   HT 2 - light etching/increased porosity 
 HT 3 - intermediate erosion/pitting 
 HT 4 - severe erosion, breaching of cortical bone, edge sharpening  
HT 5 – windowing , edge translucency, partial dissolution 
HT 6 - complete dissolution of visible hard tissues 
 
 
Alteration to the soft tissue was categorized into seven progressive stages, 
ignoring the butchered ends of all specimens due to the preexisting exposure of the inner 
tissues.  A score of Soft Tissue 0 (ST 0) was assigned to all specimens prior to treatment 
with caustic chemicals, and indicated specimens with no visible change in the soft tissues 
as experiencing “none” or “unknown” alteration.  Discoloration of the soft tissue was 
considered to be the first stage of macroscopically observable alteration and was assigned 
as score of ST 1.  Most commonly, this discoloration presented as a browning of the 
epidermis or a vivid reddening of the muscle tissue exposed at the margin of butchery.  
Following discoloration, a score of ST 2 was assigned when the outermost layer or layers 
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of soft tissue had been breached, exposing the underlying fat, muscle, connective tissues, 
or bone.  A score of ST 3 was assigned when the fat/muscle/ connective layers of tissue 
were observed to have been breached, meaning that the tissues were damaged or partially 
dissolved, perhaps revealing additional soft tissues beneath them, but not severely enough 
that the underlying bone could be visualized.  A score of ST 4 was assigned to a 
specimen if the soft tissues had been sufficiently dissolved to expose the underlying 
bones to view; in areas of the forelimb where the bones were least protected by soft 
tissues, such as the phalanges, metacarpals, and carpals, scoring might progress directly 
from ST 2 ([epi]dermal breaching) to ST 4.  A score of ST 5 was assigned to specimens 
that had completely lost all adherent soft tissues, whether these tissues had dissolved 
completely into the caustic solution or flaked from the bone in fragments.  A score of 
ST 6 was assigned only in the event of complete dissolution of all macroscopically 
visible soft tissue.   
Alteration to the hard tissue was similarly categorized into seven progressive 
stages.  A score of Hard Tissue 0 (HT 0) was assigned to all specimens prior to treatment 
with caustic chemicals, and indicated specimens with no visible change to the bones as 
experiencing “none” or “unknown” alteration.  By necessity, scoring of the hard tissue 
required that the fully fleshed specimen had achieved a score of ST 4 (bone exposure), 
and this exposure was preferentially initiated at the phalangeal tips where the overlying 
soft tissue was thinnest.  Discoloration of the bones was assigned a score of HT 1.  Light 
surface etching or increased porosity in the cancellous bone was assigned a score of 
HT 2.  Visible pitting of the bone or erosion that had progressed beyond surface etching 
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(but not yet breached the cortical bone) was considered to be “intermediate” erosion and 
assigned a score of HT 3.  Once erosion of the bone had become severe, a score of HT 4 
was assigned.  Severe erosion was determined by the observation of irregularity and 
sharpening of bone margins, "windowing" (Pokines and Baker 2014), and breaching of 
the cortical bone (observations that are consistent with and commonly indicative of 
extensive acidic corrosion to bone; Pokines and Springer [2016]).  A score of HT 5 was 
assigned to indicate partial dissolution of the hard tissue which had notably affected the 
overall morphology of the bones (e.g., shrinkage, tapering, loss of protruding features, 
and extensive fracturing) or a translucent appearance to the outermost margins of the 
bone.  A score of HT 6 was assigned for complete dissolution of all macroscopically 
visible hard tissues that were recognizable as bone.   
Data were collected until complete dissolution of the observable tissues occurred 
or until all apparent destructive activity ceased, and there was no further reactivity of the 
specimens.  Control trials for this experiment were preformed first, with no application of 
heat, and observed for a period of 30 days in order to ascertain the greatest degree of 
tissue destruction of which each chemical was capable for the given sample sizes (~1.5 
kg) and volume of solution (6 L).  Statistical analysis was performed using IBM SPSS 
Statistics 24. 
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RESULTS 
 
The present study’s findings were consistent with those of the majority of 
previous research (Christensen and Myers 2011; Cope and Dupras 2006; Hartnett et al. 
2011; Maki 2017; Mazza et al. 2005; Robino et al. 2015): hydrochloric acid proved to be 
the most effective in the dissolution of pig forelimbs, with sulfuric acid proving next 
most effective, and sodium hydroxide found to be the least effective.  The inclusion of 
heating as a variable revealed that increased temperature accelerates the destruction of 
both soft and hard tissues submerged in HCl, H2SO4, or NaOH. 
 
Hydrochloric acid (HCl, 31-35%), control conditions  
Discoloration of the epidermis (a score of ST 1) was observed almost immediately 
upon introduction of the forelimbs to HCl solution.  Within one hour of treatment, 
shrinkage and splitting of the epidermis was noted (ST 2; Figure 1).  Within 1.5 hours, 
discoloration (HT 1) and surface etching (HT 2) were observed in the bones least 
protected by soft tissue, primarily in the compact bones of the foot.  By the third hour of 
treatment, the areas of more substantial fat and muscle tissue had been breached (ST 3), 
and within four hours there was exposure of the more deeply protected bones of the limb 
(ST 4).  Within five hours, the longest-exposed areas of bone began to show intermediate 
levels of erosion (HT 3), and by 12 hours erosion had become severe (HT 4) in these 
areas.  Within 24 hours complete loss of the soft tissues from the bones (ST 5) and partial 
dissolution of the hard tissues, including translucency of the bone margins (HT 5; Figure 
2), was observed.  It was not until more than 60 hours of treatment with HCl that all 
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remnants of visible hard tissue had dissolved (HT 6) into solution (Figure 3).  The fat 
tissue of the forelimb never fully dissolved in this trial and remained suspended at the 
surface of the solution as a thick, agglutinated mass throughout the study period. 
 
 
 
Figure 1.  Pig forelimbs, after exposure to hydrochloric acid (31-35% concentration) 
under control conditions for one hour.  Note the discoloration (white arrows) and 
skin splitting (black arrows) of the epidermis. 
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Figure 2.  Unidentifiable and severely eroded long bone fragment of the pig forelimb 
after exposure to hydrochloric acid (31-35% concentration) under control 
conditions for 24 hours.  Note the edge translucency (black arrows) observable in 
the remaining cortical bone. 
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Figure 3.  Progression over time of soft and hard tissue alteration in fully fleshed pig 
forelimbs by hydrochloric acid under control conditions.  Note: observations ceased 
when either stage 6 was reached or there was no further tissue alteration. 
 
Hydrochloric acid (HCl, 31-35%), 40˚C 
Destruction of soft and hard tissues was notably accelerated in comparison to the 
rate of destruction under control conditions.  The thinner areas of epidermis were 
breached within 30 minutes (ST 2), and deeper bone exposure (ST 4) was observed 
within one hour.  The initiation of light etching and increased porosity (HT 2) in the 
exposed hard tissue was not accelerated in comparison to treatment with HCl under 
control conditions.  Light etching of the hard tissues was first observed at 1.5 hours in 
both the control sample and the sample heated to 40˚C, but once begun, this erosion 
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proceeded much more rapidly in the trial heated to 40˚C.  Severe erosion (HT 4) was 
noted within three hours, partial dissolution (HT 5) within four hours, and all visible hard 
tissues had completely dissolved (HT 6) within 24 hours.  Heating the hydrochloric acid 
to 40˚C also greatly reduced the time required for the loss of all adhered soft tissue from 
the bones (ST 5; 9 hours, as compared to 24 hours under control conditions), though 
isolated fat tissue persisted throughout the observation period as a pale froth suspended at 
the surface of the solution (Figure 4).  Visual comparison of the rates of soft and hard 
tissue alteration at various temperatures are illustrated in Figures 5 and 6. 
 
 
 
Figure 4.  Progression of soft and hard tissue alteration in fully fleshed pig forelimbs 
by hydrochloric acid heated to 40˚C.  Note: observations ceased when either stage 6 
was reached or there was no further tissue alteration. 
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Figure 5.  Progression of soft tissue alteration in fully fleshed pig forelimbs by HCl 
under control conditions and heated to 40˚C.  Note: observations ceased when there 
was no further tissue alteration. 
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Figure 6.  Progression of hard tissue alteration in fully fleshed pig forelimbs by HCl 
under control conditions and heated to 40˚C.  Note: observations ceased when stage 
6 was reached. 
 
Sulfuric acid (H2SO4, 93%), control conditions 
Discoloration of the epidermis (ST 1) was noted almost immediately upon 
introduction of the specimens into the H2SO4 solution.  The thinnest areas of epidermis 
were breached within 30 minutes (ST 2), and there was exposure and discoloration of the 
bone in these areas within one hour (ST 4 and HT 1; Figure 7).  Light etching of the 
exposed bone tissue (HT 2) was observed within 1.5 hours, and severe erosion (HT 4) 
within seven hours.  Within 18 hours, partial dissolution of the hard tissues (HT 5) was 
observed.  By 36 hours all adhered soft tissue had been lost from the hard tissue elements 
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(ST 5), but more than 48 hours of treatment with H2SO4 solution was required before all 
visible soft tissues had dissolved (ST 6).  The friable remnants of fragmented bone which 
settled to the bottom of the solution under control conditions never completely dissolved 
over the course of the study period but had lost all macroscopic identifiability after being 
submerged for nearly 30 days (Figure 8). 
 
 
 
Figure 7.  Pig forelimbs after exposure to H2SO4 (93% concentration) under control 
conditions for three hours.  The epidermis and underlying soft tissues have partially 
dissolved, revealing the bones of the forelimb.  Discoloration of the dermis (white 
arrow) and the bones (black arrow) were both observable at this time. 
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Figure 8.  Progression of soft and hard tissue alteration in fully fleshed pig forelimbs 
by H2SO4 under control conditions.  Note: observations ceased when stage 6 was 
reached. 
 
Sulfuric acid (H2SO4, 93%), 40˚C 
Destruction of soft and hard tissues was notably accelerated when compared with 
the rate of destruction under control conditions.  The thinnest areas of epidermis were 
discolored (ST 1) and breached (ST 2) almost immediately upon introduction to the 
solution.  Light etching of the exposed bone surfaces (HT 2) was noted within 30 
minutes, and severe erosion with thinning and sharpening of the bone margins (HT 4) 
was observed in the proximal ends of the long bones within 1.5 hours.  In less than three 
hours all soft tissues had completely dissolved (ST 6), and hard tissues continued to erode 
(Figure 9), with partial dissolution (HT 5) and a loss of characteristic morphology 
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observed in the smallest bones of the forelimbs.  In comparison, hard tissue elements did 
not achieve severe erosion leading to partial dissolution in H2SO4 solution without 
heating until at least 84 hours of exposure (Figure 10).  After this initial rapid corrosion 
of hard tissues at 40˚C resulting in friability, loss of recognizable morphology, and partial 
dissolution, further destruction of the bone continued slowly, with a thick layer of bony 
grit settling to the bottom of the solution.  Though these hard tissues never fully dissolved 
over the course of the study period, after more than 200 hours of exposure to H2SO4 at 
40˚C all persisting fragments of hard tissue had been eroded beyond macroscopic 
identifiability as bone. 
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Figure 9.  Long bone of the pig forelimb after exposure to H2SO4 heated to 40˚C for 
2.75 hours.  The complete loss of adhered soft tissues was observed, as well as 
progressive erosion and edge thinning (white arrow) in the hard tissues. 
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Figure 10.  Progression of soft and hard tissue alteration in fully fleshed pig 
forelimbs by H2SO4 heated to 40˚C.  Note: observations ceased when stage 6 was 
reached. 
 
Sulfuric acid (H2SO4, 93%), 100˚C  
 Destruction of tissues by H2SO4 was even more rapid at 100˚C than at 40˚C.  The 
soft tissues began to lose integrity almost immediately upon submersion in solution.  The 
epidermis degraded most rapidly, followed by the fat tissue, and within 30 minutes only 
the densest portions of cartilaginous soft tissue remained.  All soft tissue had been 
dissolved (ST 6) within 45 minutes.  The areas of hard tissue least protected by soft tissue 
showed thinning and sharpening of the bone margins and windowing of the long bone 
shafts (HT 4, HT 5) within 15 minutes.  By 30 minutes, the hard tissue elements had 
begun to lose their identifiability (Figure 11), and within 45 minutes only the radii and 
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ulnae of the forelimbs partially remained, though these were friable and not easily 
identifiable to specific element.  All visible traces of bone were completely dissolved (HT 
6) within 9 hours (Figure 12).  Visual comparison of the rates of soft and hard tissue 
alteration at various temperatures are illustrated in Figures 13 and 14. 
 
 
 
Figure 11.  Long bone of the pig forelimb after exposure to H2SO4 heated to 100˚C 
for 30 minutes.  Nearly all soft tissues have been dissolved, and the remaining hard 
tissue elements show evidence of severe erosion, including loss of the cancellous bone 
(black arrows) and thinning and irregularity of the bone margins (white arrows). 
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Figure 12.  Progression of soft and hard tissue alteration in fully fleshed pig 
forelimbs by H2SO4 heated to 100˚C.  Note: observations ceased when stage 6 was 
reached. 
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Figure 13.  Progression of soft tissue alteration in fully fleshed pig forelimbs by 
H2SO4 under control conditions and heated to 40˚C or 100˚C.  Note: observations 
ceased when stage 6 was reached. 
 
 28 
 
 
Figure 14.  Progression of hard tissue alteration in fully fleshed pig forelimbs by 
H2SO4 under control conditions and heated to 40˚C or 100˚C.  Note: observations 
ceased when stage 6 was reached. 
 
Sodium hydroxide (NaOH, 20-30%), control conditions 
Discoloration of the soft tissue (ST 1) was observed in the forelimbs after 
submersion in solution for six hours.  The epidermis became gelatinous and transparent 
and began to slough from the underlying soft tissues within 18 hours, but breaching of the 
dermal layers (ST 2) was not observed until 36 hours.  Most notably, the fatty tissues did 
not dissolve but solidified in a manner superficially similar to the formation of adipocere, 
or the conversion of fatty acids in the soft tissues to saponified fat by anaerobic bacteria 
(Mellen et al. 1993; O’Brien and Kuehner 2007; Ubelaker and Zarenko 2010) (Figure 
15).  After 44 hours of treatment, discoloration of the bone was observed (HT 1), initially 
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as a slight yellowing of the phalangeal tips.  Within 52 hours the gelatinous muscle tissue 
of the forelimbs had been breached (ST 3), and increased porosity (HT 2) was observed 
in the bones least protected by soft tissue.  Within 60 hours there was significant bone 
exposure (ST 4), and intermediate erosion of the hard tissues (HT 3) was observed.  
Within 72 hours the bulk of the soft tissues, excluding the solidified fat tissue, had 
dissolved entirely or sloughed from the underlying bone, and further erosion and 
breaching of the cortical bone (HT 4) was observed.  Despite the friability of the bones as 
a result of prolonged submersion in NaOH, the hard tissues never experienced the 
windowing or sharpening of edges normally characteristic of acid corrosion, and for the 
most part maintained their readily identifiable morphology (Figure 16).  Remnants of 
adherent soft tissue persisted for much longer, and incipient partial dissolution (pre-HT 5) 
in the smallest elements was only achieved after more than 400 hours of exposure to 
NaOH (Figure 17).  Over the course of the study, neither the soft nor hard tissues of the 
forelimbs were completely destroyed. 
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Figure 15.  Pig forelimb, distal end, after exposure to NaOH solution (20-30% 
concentration) under control conditions for 52 hours.  The dermal soft tissues have 
been dissolved, but some fatty tissues have solidified (black arrows), and will 
continue to persist throughout the observational period (30 days). 
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Figure 16.  Phalanges of the pig forelimb after exposure to NaOH under control 
conditions for 118 hours.  Remnants of solidified soft tissues (black arrows) remain 
adhered to the bones.  Though extensive surface cracking is observable, the bones 
still retain their morphological identifiability. 
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Figure 17.  Progression of soft and hard tissue alteration in fully fleshed pig 
forelimbs by NaOH under control conditions.  Note: observations ceased when there 
was no further tissue alteration. 
 
Sodium hydroxide (NaOH, 20-30%), 40˚C 
Destruction of soft and hard tissues was accelerated in comparison to the rate of 
destruction under control conditions.  Discoloration of the soft tissue (ST 1) was observed 
almost immediately upon submersion in solution, and discoloration of the bone (HT 1) at 
the phalangeal tips occurred within two hours.  The thinnest areas of epidermis were 
breached and exposed the underlying bone within four hours (ST 2 – ST 4).  Light 
etching of this exposed bone (HT 2) was observed within six hours (Figure 18), and 
intermediate erosion of the hard tissues (HT 3) was observed within 20 hours.  The loss 
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of all soft tissues adhered to the bone was observed within 24 hours (ST 5), but much of 
these tissues remained as free floating fragments of solidified fat that were never 
completely degraded over the course of the study period.  Cortical breaching and 
friability (HT 4) were observed in the bones within 36 hours, with incipient partial 
dissolution of the smallest elements, but as in the control sample, the hard tissues were 
never completely destroyed and largely retained their morphology and identifiability 
(Figure 19). 
 
 
 
Figure 18.  Pig forelimb after exposure to NaOH heated to 40˚C for six hours.  The 
fatty tissues have begun to solidify rather than dissolve (black arrow).  The thinnest 
areas of dermis have been breached, revealing the underlying bone (white arrows). 
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Figure 19.  Progression of soft and hard tissue alteration in fully fleshed pig 
forelimbs by NaOH heated to 40˚C.  Note: observations ceased when there was no 
further tissue alteration. 
 
Sodium hydroxide (NaOH, 20-30%), 100˚C 
Dissolution of soft and hard tissues was even more rapid in NaOH solution heated to 
100˚C, when compared to the rate of destruction in NaOH heated to 40˚C.  Dissolution of 
the thinnest areas of epidermis and the connective tissue holding the smaller bones of the 
feet in articulation (ST 2 – ST 4) was observed almost immediately upon submersion of 
the forelimbs, as was discoloration of the subsequently exposed bones (HT 1).  Within 
one hour, a complete loss of adhered soft tissues from the bones (ST 5) and the 
beginnings of light surface etching in the hard tissues (HT 2) were observed.  By three 
hours, erosion had progressed to surface pitting (HT 3) and incipient edge thinning.  By 
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20 hours, erosion had become more severe and the long bones had been breached through 
to the medullary space (HT 4).  Similar to both the control and 40˚C trials, submersion in 
NaOH solution at 100˚C did not result in complete dissolution of either the soft or hard 
tissues (Figure 20).  However, the bones were friable to the touch and could be easily 
crushed with the application of only moderate manual pressure.  Visual comparison of the 
rates of soft and hard tissue alteration at various temperatures are illustrated in Figures 21 
and 22. 
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Figure 20.  Progression of soft and hard tissue alteration in fully fleshed pig 
forelimbs by NaOH heated to 100˚C.  Note: observations ceased when there was no 
further tissue alteration. 
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Figure 21.  Progression of soft tissue alteration in fully fleshed pig forelimbs by 
NaOH under control conditions and heated to 40˚C or 100˚C.  Note: observations 
ceased when there was no further tissue alteration. 
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Figure 22.  Progression of hard tissue alteration in fully fleshed pig forelimbs by 
NaOH under control conditions and heated to 40˚C or 100˚C.  Note: observations 
ceased when there was no further tissue alteration. 
 
Paired-samples t tests were performed comparing the rate of destruction for all 
three chemicals in trials that were heated and not heated (Table 2), and in all cases the 
results indicated the acceleration in destruction at higher temperatures was statistically 
significant.  This held true for both the soft tissue (HCl[control] vs. HCl[40]: t = -3.458, p = 
.005; H2SO4[control] vs. H2SO4[40]: t = -4.298, p = .001; H2SO4[40] vs. H2SO4[100]: t = -2.256, 
p = .041; NaOH[control] vs. NaOH[40]: t = -5.752, p < .001; NaOH[40] vs. NaOH[100]: 
t = -2.857, p = .013) and bone (HCl[control] vs. HCl[40]: t = -3.317, p = .007; H2SO4[control] 
vs. H2SO4[40]: t = -3.9, p = .002; H2SO4[40] vs. H2SO4[100]: t = -3.384, p = .004; 
NaOH[control] vs. NaOH[40]: t = -4.174, p = .001; NaOH[40] vs. NaOH[100]: t = -3.71, 
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p = .003).  The data indicate that there is a positive correlation between temperature and 
the rate of tissue destruction, and that an alkaline solution (NaOH) can be effective in the 
destruction of soft (organic) tissues, but acids (H2SO4 and HCl) are more effective in the 
destruction of hard tissues that contain inorganic components. 
 
Table 2.  Effects of heating on the rate of tissue alteration. 
 
Rate  of destruction (i.e. progression through alteration 
    
stages 0-7) as a result of submersion in various caustics          t          df  sig. (2-tailed) 
    HCl control soft tissue vs. HCl 40C soft tissue -3.458 11 0.005 
HCl control bone vs. HCl 40C bone -3.317 11 0.007 
    H2SO4 control soft tissue vs. H2SO4 40C soft tissue -4.298 14 0.001 
H2SO4 control bone vs. H2SO4 40C bone -3.9 14 0.002 
H2SO4 40C soft tissue vs. H2SO4 100C soft tissue -2.256 14 0.041 
H2SO4 40C bone vs. H2SO4 100C bone -3.384 14 0.004 
    NaOH control soft tissue vs. NaOH 40C soft tissue -5.752 13 < 0.001 
NaOH control bone vs. NaOH 40C bone -4.174 13 0.001 
NaOH 40C soft tissue vs. NaOH 100C soft tissue -2.857 13 0.013 
NaOH 40C bone vs. NaOH 100C bone -3.71 13 0.003 
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DISCUSSION 
 
 Destruction of the soft tissues preceded that of the bones in the fully fleshed 
specimens (Figure 23), which was consistent with the findings of previous research 
examining the effects of acids on soft and hard tissues (Grillo and Cascino 2011; Hartnett 
et al. 2011; Maki 2017; Robino et al. 2015).  Not only are biological tissues such as skin, 
fat, and cartilage less structurally durable than bone, but these tissues form a protective 
barrier between the hard tissues and the external environment.  While bone can be 
completely or partially dissolved by exposure to strongly caustic solutions over a 
sufficient period of time, the initial presence of fully intact soft tissues is shown to 
provide a degree of protection against destruction of the underlying hard tissues.  
Alteration of the hard tissues appeared to progress most rapidly in the bones or portions 
of bone least protected by soft tissue, such as the exposed margin of butchery in the long 
bones, and the phalanges, metacarpals, and carpals protected by only a thin layer of skin 
and little subcutaneous fat.  Additionally, comparison between the rate of destruction of 
soft and hard tissues submerged in strong caustics, both without heating and heated to 
40˚C or 100˚C, found a temperature-related acceleration in destruction that was 
statistically significant at the .05 level. 
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Sulfuric acid proved to be the most rapidly and completely destructive to soft 
tissues at all temperatures and was the only solution tested that dissolved all 
macroscopically visible traces of soft tissue under the current experimental conditions.  
Hydrochloric acid was the next most rapidly destructive to soft tissues.  Treatment with 
HCl under control conditions resulted in a thick layer of fatty tissue suspended at the 
surface of the solution that persisted for the 30 days of observation, but treatment with 
HCl heated to 40˚C reduced the fat tissues of the forelimbs to froth.  This indicates that 
the application of heat aids in the acidic dissolution of fat tissues despite their 
hydrophobic nature.  Though experimentation with HCl solution heated to 100˚C was 
beyond the safety parameters of the present study, the data suggest that at high enough 
temperatures, HCl would likely eliminate all macroscopic traces of fat tissue.  Sodium 
hydroxide solution was found to be the least destructive to soft tissues, but it was the 
chemical most affected by the application of heat.  The forelimbs submerged in HCl 
without heating required four hours to reach ST 4 (exposure of the underlying bones), 
compared to one hour when heated to 40˚C.  The forelimbs submerged in H2SO4 without 
heating required one hour to reach ST 4, compared to 30 minutes at 40˚C and 15 minutes 
at 100˚C.  The forelimbs submerged in NaOH without heating, however, required 60 
hours to achieve ST 4, compared to only four hours at 40˚C and 15 minutes at 100˚C.  
Treatment by NaOH without heating stripped the bones of all adherent soft tissue (ST 5) 
within 17 days, but NaOH heated to 40˚C was able to strip the bones within 24 hours, and 
NaOH heated to 100˚C stripped the bones within one hour.   
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 Sulfuric acid proved to be the most rapidly destructive to bone at all temperatures 
in the initial stages of the study, but HCl was the chemical that most completely dissolved 
all bones.  While treatment of pig forelimbs by H2SO4 did eventually result in destruction 
of the hard tissues beyond macroscopic identifiability, a gritty hard tissue residue 
persisted at the bottom of the solution for the duration of the study period.  Based upon 
the case study observations of Vermeij et al. (2015) and Amadasi et al. (2017), and the 
fact that the H2SO4 remained reactive throughout the present study for all trials, it is 
likely this persistent residue was not small, insoluble fragments of the bones of the 
forelimb but dissolved bone apatite that had recrystallized as calcium phosphate.  There 
was a reduction of the volume of this residual grit for the trials in which the H2SO4 
solution was heated, but HCl was the only caustic solution utilized in the present research 
that was capable of eradicating all visible traces of bone or bone components.  Under 
control conditions, the bones of the forelimbs were entirely dissolved by HCl in less than 
72 hours; when heated to 40˚C, HCl was able to entirely dissolve all bones within 24 
hours.  The sodium hydroxide solution was found to be the least rapidly destructive to 
hard tissues, as well as the least completely destructive.  The bones of the forelimbs 
exposed to NaOH never achieved partial dissolution in the same manner as observed in 
the specimens exposed to sulfuric or hydrochloric acid throughout the duration of the 
study, but the smallest and most vulnerable hard tissue elements did undergo a gradual 
shrinkage in size while retaining their general morphology. 
Identification of homicide victims is often most quickly and easily accomplished 
by facial recognition or fingerprinting, particularly if the body is discovered soon after 
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the crime has been committed.  In the event that neither of these methods is possible, 
DNA analysis is another common method for making a positive identification, but this 
process can take weeks or months, and is most useful in confirming a suspected identity.  
Successful body disposal by acid submersion requires a sufficient volume of chemicals to 
dissolve all soft and hard tissues completely, an appropriate container to both fit the body 
within and withstand the chemicals used, and perhaps most importantly, sufficient time 
for the body to be destroyed before it is discovered.  Unfortunately, the fingertips and the 
relatively thin-skinned, less robust bones of the facial skeleton are both areas of the body 
that would be particularly vulnerable to chemical corrosion.  The present research 
suggests that the fingerprints of an individual could be rendered unusable (e.g., ST 2, 
breaching of the [epi]dermis) in as little as 30-60 minutes and the cranial bones 
unsuitable for facial reconstruction (e.g., HT 4, severe erosion and cortical breaching) 
within 7-12 hours, if treated with sulfuric or hydrochloric acid at room temperature 
(Figure 3, Figure 8).  Even a moderate increase in temperature to 40˚C, however, was 
shown to accelerate this destruction significantly (Figures 5 & 6; Figures 13 & 14), which 
means an even smaller window of opportunity to identify the homicide victim disposed 
of in such a manner without the need for DNA testing.  Robino et al. (2015) found that 
successful DNA extraction from any remaining bone fragments was possible throughout 
the period required to destroy a sample by submersion in hydrochloric acid, nitric acid, or 
aqua regia (a 1:3 solution of nitric and hydrochloric acids), and Hinkes and Lucas (2014) 
reported a successful DNA match obtained from the bone fragments of an individual who 
had been cooked in lye (NaOH solution) two years earlier.  Given the durability of the 
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denser bones of the body and the persistence of usable genetic material in bone tissue 
subjected to acid dissolution, only complete destruction of all bone tissue would 
guarantee against the possibility of identification through DNA.  As demonstrated by the 
present research, two moderately-sized fleshed forelimbs submerged in HCl without 
heating required nearly three days before all bone had been destroyed, but when heated to 
40˚C, all bone was dissolved within 24 hours, meaning destruction was almost three 
times more efficient at 40˚C than under control conditions (Figure 6).  H2SO4 required 28 
days to dissolve all bones of the forelimbs without heating, but destruction was 
drastically accelerated by heating; H2SO4 heated to 40˚C was able to eliminate all bone in 
nine days (again, a rate of destruction approximately three times that of H2SO4 under 
control conditions), and H2SO4 heated to 100˚C was able to do the same in nine hours 
(Figure 14).  The forelimbs treated with NaOH showed a dramatic acceleration in soft 
tissue destruction when subjected to heating, as previously noted, but NaOH was 
incapable of complete destruction of the hard tissues of the limb at any temperature 
(Figures 20 & 21), proving submersion in sodium hydroxide to be an inefficient method 
of body disposal if one wishes to ensure there are no tissues left from which DNA might 
be extracted.  
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CONCLUSION 
 
The present research indicates the efficacy of these chemicals in the destruction of 
large, fleshed body parts and the increased potential of this destruction through heating.  
While previous studies (Amadasi et al. 2015, 2017; Baglieri 2016; Christensen and 
Myers 2011; Cope and Dupras 2006; Grillo and Cascino 2011; Hartnett et al. 2011; High 
et al. 2015) have tended to focus on only small segments of bone, the present research 
examines the effects of common, commercially available corrosive solutions upon whole 
pig forelimbs as a more accurate proxy for human remains subjected to destruction by 
acid submersion.  Studies which have considered the effects of temperature in 
conjunction with pH upon bone diagenesis (Hedges 2002; Von Endt and Ortner 1984) or 
upon the acceleration of hard tissue destruction (Hankermeyer et al. 2002; High et al. 
2015) are also informative, but have limited applicability when one attempts to 
extrapolate this information to a forensic context involving the presence of soft tissue and 
whole or dismembered remains.   
The soft tissues of the fleshed pig forelimbs were observed to protect the 
underlying hard tissues from destruction, at least for as long as these soft tissues 
remained intact.  The bones most rapidly altered by treatment with corrosive chemicals 
were the phalanges, metacarpals, and carpals that were overlain by dermis and fascia, but 
minimal fat or muscle tissue.  It was also evident that some caustic solutions (H2SO4 and 
NaOH) are more generally destructive to the soft tissues than to the hard tissues of the 
body, while others (HCl) are more completely destructive to the hard tissues than the soft.  
In the present research, the heating of hydrochloric acid, sulfuric acid, and sodium 
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hydroxide solution was found to accelerate greatly the rate of destruction of biological 
tissues by these chemicals, but heating did not appear to increase their overall destructive 
capabilities, at least within the experimental parameters of a limited volume of solution 
that was not refreshed over the course of the study.  In no instances were the heated 
solutions able to achieve an alteration score for the soft tissue or bone that had not been 
achieved by the same solution under control conditions within an observation period of 
30 days.  The destructive power of these chemicals may still be limited by their chemical 
availability for reactivity within the fixed volume of solution used, but this would also 
hold true in most cases for the disposal of a homicide victim by caustic solution.  The 
results of the current study are consistent with previous research (Vermeij et al. 2015) 
that suggests acid dissolution of human tissues, particularly bone, is diffusion dependent.  
For the trials using sulfuric acid and sodium hydroxide especially, alteration of the bone 
was slow until there was significant loss of the protective soft tissues.  With the loss of 
the soft tissues, destruction of the bone proceeded more rapidly, but eventually, all trials 
for both chemicals reached a point at which hard tissue alteration dropped off sharply or 
seemed to have halted altogether, despite the fact that the chemicals remained reactive. 
 While logistical difficulties mean that it is less likely that an individual perpetrator 
will invest the additional effort of heating the body of a homicide victim in order to speed 
along the reaction, the possibility of disposal in heated corrosive solutions due to 
opportunity or organized criminal practice on a large scale does exist.  For example, 
whether criminal or accidental, convenient access by owners or employees to food 
processing facilities such as in the Luetgert “Sausage Vat Murder” (Wigmore 1898) or 
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industrial chemical plants (Lee and Opeskin 1995) have provided a ready means for rapid 
dissolution of human bodies by caustic chemicals at high temperatures.  Italian Mafioso 
groups such as Cosa Nostra are infamous for their lupara bianca technique of making an 
individual disappear without a trace, one method of which is reported to be the 
submerging a body in sulfuric acid diluted with water in a highly exothermic reaction 
(Grillo and Cascino 2011).  Similarly, Mexican drug cartels in Southern California have 
been reported to cook the remains of victims in lye in order to destroy the bodies (Hinkes 
and Lucas 2014), often as a method to eliminate competitors or individuals for whom 
they have failed to collect ransom.   
 Previous research (Robino et al. 2015) has found that bones and teeth retain their 
suitability for DNA testing significantly longer than soft tissues when a body has been 
degraded or partially dissolved by submersion in a caustic solution, and indeed positive 
identification can often only be made in these cases through DNA matching or dental 
records, in the event that teeth or synthetic restoration materials survive (Cornell et al. 
2011; Guilfoyle 2014; Hinkes and Lucas 2014; Ubelaker and Sperber 1988).  
Accordingly, it would be useful to examine the effects of acid dissolution on common 
foreign materials that may be present with the body and contribute to identification 
(jewelry, medical implants, dental restorations, etc.).  Future research should explore the 
effects of submersion in heated caustic solution upon human tissues, and whether these 
conditions would result in notably more rapid degradation of the DNA, further reducing 
the chances of successfully making a positive identification from partial remains.  
Investigation should also be conducted into the submersion time and volume of caustic 
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solution needed to dissolve whole pigs, in order to evaluate literature that has estimated 
80-100 liters of acid is necessary to completely destroy a human body (Mazza et al. 
2005).  While there are a number of factors that remain to be explored for a more 
complete understanding of the practicality and efficacy of acid dissolution as a manner of 
body disposal, the present research is useful in providing further insight into how the 
dissolution process would more realistically manifest in the forensic context of homicide 
investigation. 
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